Abstract: Fluctuating asymmetry (FA), random deviations from perfect symmetry in bilateral traits, is a common inverse measure of developmental stability (DS), which is related to one's ability to buffer against environmental and genetic perturbations. There is a widespread hypothesis that heterozygosity grants an increased ability to compensate for developmental errors caused by genetic and environmental factors, rendering homozygous individuals less symmetric than heterozygous ones. In addition, if natural selection on FA is common, nonessential traits should exhibit higher asymmetry than functionally essential traits. This is especially well tested in haplodiploid organisms, which present a clear distinction between "homo"zygosity (males) and heterozygosity (females). Relatively few FA studies looked at this relationship in hymenopterans or in haplodiploid organisms in general and the results are rather inconsistent. This study compares FA measurements of seven parts of the maxillary palpus, with sclerotized and membranous parts scored separately, and two wing venation characters for males and females of the Chilean bee Xeromelissa rozeni (Toro and Moldenke, 1979). The results of this study suggest that there is an equally strong selection force for maxillary palp symmetry in both males and females leading to a relatively low FA in both sexes, and that less functional traits exhibit higher FA due to relaxation of selection. Lastly, we stress the importance of testing a larger number of independent traits.
Introduction
Fluctuating asymmetry (FA), random deviations from perfect symmetry in bilateral traits, is one of three types of recognized asymmetry (Palmer and Strobeck 1986) . The others are directional asymmetry (DA) and antisymmetry. These deviations from symmetry are differentiated based on distributions of the mean and variance of uncorrelated differences between sides of paired traits (Palmer and Strobeck 1986; Graham et al. 1993 Graham et al. , 2010 Carter et al. 2009 ). There are three main distribution patterns of asymmetry: a normal distribution of right side minus left side differences, which is suggestive of FA; a bimodal distribution, which reflects antisymmetry (e.g., claws of male fiddler crabs (genus Uca Leach, 1814); Pratt and Mclain 2002) , and a normal distribution about a mean other than zero that signifies DA (e.g., the skulls of modern toothed whales (suborder Odontoceti) ; Cranford 1992) . FA is a common inverse measure of developmental stability (DS), which is defined as the ability to buffer development against environmental and genetic perturbations (Palmer 1994) . Lerner (1954) was the first to hypothesize why heterozygous individuals have added buffering capacity. He proposed that greater heterozygosity grants an increased ability to compensate for morphometric variation caused by genetic and environmental factors, such that individual phenotypes can be expressed more precisely, i.e., show less FA (Hall 2005) . Conversely, more homozygous individuals will have lower capacity to buffer against perturbations, thus developing more FA. Although this claim has been repeated many times (e.g., Leary et al. 1983 Leary et al. , 1984 Leary et al. , 1985a Leary et al. , 1985b Clarke et al. 1992; Palmer and Strobeck 2003) , some studies show no such association (e.g., Smith 1982; Hosken et al. 2000) . However, in addition to heterozygosity, there are two other hypotheses on the determinants of FA: ploidy effects and genomic coadaptation. Ploidy influences FA not only through potential heterozygosity but also via influences of gene dosage (Leary et al. 1985b ). The latter arises because individuals with more allele copies, even if all are identical, are better adapted to deal with perturbations (Leary et al. 1985b; Clarke 1997) . Genomic coadaptation affects FA when pre-established genic interactions between chromosome homologs are disturbed, as often occurs in hybrids that often show higher levels of FA. Neither of these models alone is able to explain consistently the contradicting results of all FA studies (Allendorf and Leary 1986; Woolf and Markow 2003; Graham et al. 2010 ).
Multiple studies have tested for negative correlation between heterozygosity and FA by comparing levels of asymmetry and heterozygosity among individuals of the same population. Some found a negative correlation (e.g., Leary et al. 1983 Leary et al. , 1985a Clarke et al. 1992) , whereas others found a positive one or no correlation at all (e.g., Smith 1982; Clarke et al. 1986; Hosken et al. 2000) .
To date, most studies of FA have been performed on diploid organisms. The problem with diploid systems occurs when attempting to distinguish between heterozygosity and gene coadaptation; because they are not independent factors, it is nearly impossible to manipulate one without unintentionally affecting the other (Allendorf and Leary 1986) . In contrast to diploid systems, haplodiploid animals such as all Hymenoptera and Thysanoptera, as well as some Homoptera, Coleoptera, and Acari (Borgia 1980; Cruickshank and Thomas 1999) , provide a convenient solution to this problem. In a haplodiploid genetic system, females are produced from fertilized eggs, while healthy males are produced from unfertilized eggs. In most haplodiploids, sex is determined not by ploidy per se, but by a single sex-determining locus (van Wilgenburg et al. 2006; Huang et al. 2014 ) in a system called single locus complementary sex determination (sl-CSD). Heterozygosity at this locus results in a female, whereas homozygosity (diploid) or hemizygosity (haploid) results in a male. As a result of this system, females are heterozygous for at least some loci, whereas hemizygous males will have no heterozygosity at all (Zayed 2004) . Occasionally, there is homozygosity at the sex locus resulting in a diploid male that is inviable, infertile, or produces triploid offspring (Zayed and Packer 2005; Huang et al. 2014) . In studies of FA in haplodiploids, diploid males will weaken any differences between the sexes by displaying female levels of asymmetry and heterozygosity. However, in species with sexual size dimorphism, diploid males can often be detected by their larger body size and (or) mass (Owen and Packer 1994) . Thus, haplodiploid systems not only provide a natural partition between heterozygosity (females) and hemizygosity (males), but also serve as a convenient model to differentiate the effects of ploidy, heterozygosity (Owen 2012) , and gene coadaptation on FA and DS (Clarke et al. 1992) .
Relatively few FA studies have been performed on hymenopterans or other haplodiploids, and the results are rather inconsistent among taxa. Bruckner (1976) , for example, looked at morphometric wing asymmetry between drones and females of the western domesticated honeybee (Apis mellifera L., 1758) and found that drones were consistently more asymmetrical than females. Clarke et al. (1992) observed a similar pattern in the same species, but suggested that genetic coadaptation was the main cause of higher FA in males. Another study on A. mellifera (Smith et al. 1997 ) also showed higher asymmetry in males compared with females, but the authors concluded that this difference was in the form of DA. More taxa were studied by Clarke et al. (1986) who used a combination of morphometrics and meristic measurements on five species from four hymenopteran families, as well as two species from a single family of Thysanoptera, and concluded no significant difference in asymmetry between males and females for any of the 60 comparisons. Studies of Oncothrips tepperi (Karny, 1911 ) also found no significant difference between males and females (Crespi and Vanderkist 1997) . Lastly, there was no difference in levels of FA between two forewing characters between males and females of a solitary carpenter bee, Xylocopa appendiculata circumvolans (Smith, 1873) (Kudo and Mori 2000) .
Following Palmer's (1994) protocol for selecting a trait, most studies have focused on a single trait-a wing, specifically its venation, which, as he suggested, likely has low plasticity and low modification due to wear. However, since insect wings can be fully functional with up to a 12% asymmetry or even compensated for biomechanically above this 12% threshold (Fernández et al. 2012) , developmental stability may not be as crucial as initially thought.
Here we consider FA in a number of traits for the colletid bee Xeromelissa rozeni (Toro and Moldenke, 1979) using both wing and mouthpart characters. Xeromelissa rozeni is a member of a species group with enormously elongate maxillary palpi, presumably to permit extraction of nectar from the deep nectaries of their floral hosts (seemingly all species of the Chilean bell flower, genus Nolana L.f.; Solanaceae) (e.g., Rozen 2003) . Deep nectaries are, in turn, likely an adaptation to prevent evaporation of nectar in the extremely arid environment within which these species of Xeromelissa are found.
The maxillary palpi are composed of six sclerotized palpomeres with five membranous regions connecting adjacent palpomeres. The first two and the last two palpomeres are relatively short, whereas palpomeres 3 and 4 are extremely long, with a mean of 1.74 mm (SD = 0.10, N = 98) and a mean of 1.62 mm (SD = 0.11, N = 98) in length, respectively (Fig. 1A ). These two palpomeres are laterally flattened and slightly concave on the medial surface. These structures presumably work by aligning the concave inner margins to form a tube that likely draws up the nectar by capillary action, aided by lapping motions (Krenn et al. 2005 ). Rozen and Wyman (2015) also concluded this from their observations of X. rozeni mouthparts. Like other colletid bees, Xeromelissa females provide an unusually high ratio of nectar to pollen for their offspring in a provision mass that is in a brood cell lined with a waterproof cellophane-like material (Cane 1983; Rozen and Wyman 2015) . Hence, it is probably essential for the maxillary palpi to be symmetrical to function properly, and this may be especially important for females that do all of the provisioning for the offspring. Consequently, there probably is strong selection acting against asymmetry of the mouthparts, especially those of females, especially of the extremely elongate palpomeres 3 and 4.
In this paper, we look at FA differences between males and females of X. rozeni, focusing on the sclerotized parts of palpomeres 3-6 and the three membranous parts between them. In addition, two wingvenation measurements, defined by four landmarks (Fig. 1B) , are subjected to the same analyses. The following hypotheses are tested. First, that FA is greater in hemizygous males than in diploid females. Second, that membranous parts of the maxillary palpi show higher FA than sclerotized ones; this is expected because they do not directly participate in feeding-tube capillary action. Third, that palpomeres 3 and 4 have reduced FA compared with the other palpomeres and the wing-measurement variables, because of their seemingly great importance in nectar uptake.
Materials and methods

Collection and measurements
Xeromelissa rozeni was collected from east of Chañaral in Region III in Chile, in October 2011, using pan traps containing propylene glycol. Voucher specimens are housed at the Packer Collection at York University. Fifty males and 49 females were collected and stored in 100% ethanol until processing for measurement. Intact maxillary palpi were detached from the rest of the maxilla at the base of palpomere 1 and both forewings were also removed for measurement. To visualize distinct landmarks of the palpomeres, dissected mouthparts were cleared in a 10% solution of KOH for 4 h. Forewings and cleared maxillary palpi were mounted on slides with glycerine and imaged using a Visionary Digital BK Plus imaging system using a Canon EOS40D digital SLR camera with transmitted light. Measurements were taken using Adobe Photoshop© version CS6 to an accuracy of 0.1 m. The lengths of the ventral surface of both sclerotized and membranous parts of palpomeres 3-6 were measured for all individuals. Each of those palpomeres, except the last, consists of both a sclerotized basal region followed by a membranous portion. Thus, individual traits are indicated as follows: the sclerotized part of palpomere 3 is designated Mxp3 and its membranous portion (between Mxp3 and Mxp4) is designated Mxp3.5; the fourth and fifth palpomeres were similarly designated (Fig. 1A) . MxpTotal denotes a sum of Mxp3 to Mxp6, including the membranous portions. Marginal cell length and apical width of the 2nd cubital cell were also measured for 49 females and 50 males. The lengths of these two traits are denoted as Fw1 and Fw2, respectively (Fig. 1B) .
To ensure that measurements were uninfluenced by any potential unconscious bias, the palpi and wings were arranged by an assistant so that the measurements were taken by the senior author who was blind to the sex, side, and specimen being measured. Following Palmer (1994) , each trait was measured twice on a different day without reference to the previous measurements to obtain estimates of measurement error.
Analysis
The entire analysis was completed using Palmer and Strobeck's (2003) protocols; this paper is used for all of the methodological details noted below except where stated otherwise.
Before proceeding with FA analysis, the data were inspected for errors in raw measurements, as well as aberrant individuals that may artificially inflate FA. A scatterplot of the difference between repeated measurements, as well as the difference in right side minus left side (R -L) of paired traits, was used to visualize apparent outliers. Outlier significance was tested using Grubb's test (Rohlf and Sokal 1995) following a sequential Bonferroni p-value correction for multiple tests. A two-way, mixed-model ANOVA was set-up to test significance of the following three components: (1) nondirectional asymmetry (FA, if antisymmetry is absent) relative to measurement error; (2) directional asymmetry; (3) variation due to overall trait size among individuals (Palmer 1994 (Palmer , 1996 Palmer and Strobeck 2003) Because there was a notable size difference among traits, unscaled indices, with and without measurement error (ME), were calculated to help visualize asymmetry variation among traits and sex.
A Levene's test of homogeneity of variances was used to assess the significance of |M2 -M1| (second measurement minus first measurement) differences among groups. Allometric variation was assessed from linear regressions of trait asymmetry |R -L| vs. trait size [(R + L)/2]. To test departures from normality, frequency distributions were examined visually followed by computation of skew and kurtosis. Asymmetries due to DA were examined using one-sample Student's t tests comparing the mean (R -L) difference to zero followed by a sequential Bonferroni p-value correction for multiple tests. Finally, to test whether FA varies among sex and traits, a two-way ANOVA and Levene's tests were computed for a combination of traits and sexes. Additionally, one-way ANOVAs were computed for males and females for each trait separately, as well as among the traits for each sex separately. All statistical analyses were computed using IBM SPSS Statistics for Windows© version 22.0.
Results
Descriptive data and tests of departures from ideal FA
Inspection of scatterplots revealed four extreme measurement errors that were found to be significant outliers. Therefore, data for two males and two females were excluded from all further analyses.
One-way ANOVA (sex) on trait size, (R + L)/2 (Table 1, column 4) for maxillary palp and forewing variables revealed that females were significantly larger than males for five out of seven palp traits and both forewing traits (all P < 0.01); the exceptions were Mxp3.5 and Mxp6.
DA, as mean (R -L), was not significant for any of the traits (Table 1 , column 6). After sequential Bonferroni correction, Mxp3, Mxp4, Mxp5, and Fw1 exhibited significant leptokurtosis in both males and females; Mxp4, Mxp5, and Fw1 exhibited significant skew in both sexes (Table 1 , columns 6 and 7, respectively). Cases of platykurtosis did not approach statistical significance, so antisymmetry was not evident.
The difference between sides (R -L) did not depend on trait size (R + L)/2 for any trait for either sex (Spearman's rank correlation coefficient (), P > 0.094 for all groups; Table 1 , column 8).
Descriptors of FA, ME, and tests of significance of FA relative to ME Although female Mxp5 exhibited significant DA in a sides × individuals ANOVA (Palmer, 1994) , this was not significant after sequential Bonferroni correction (Table 2a , column 1a). Trait-size variation among individuals was highly significant for all traits (Table 2a , columns 2 and 3). Between-side variation (FA) was significant relative to ME for all traits (P < 0.001; Table 2a , columns 5 and 6). Measurement error varied significantly among traits but not between sexes (P < 0.001 and P = 0.49, respectively, from a sex × trait ANOVA on |M1 -M2|; results not shown). Measurement error 
Differences in FA among groups
Observed FA variation was comparable between combined (twoway ANOVA) and separate (one-way ANOVA) analyses on traits and sexes (Tables 3a-3f presents the results of the two-way ANOVA and those one-way ANOVAs that gave significant P values). FA varied significantly among traits (P = 1.0 × 10 −11 ; Table 3a) but not sexes (P = 0.462; Table 3a) and the pattern of variation was rather complex (Fig. 2, Tables 3a-3f ). All of the significant main effects (trait and sex) and the significant interactions are by-products of four principal differences (significant values quoted below remain so after Bonferroni correction). First, apical palpomeres Mxp5 and Mxp6 along with the membranous portion between them (Mxp5.5) exhibited the highest levels of FA (FA10b ranging from 0.023 to 0.076; Table 2b , column 12). Second, the membranous portions of the palpomeres exhibited higher FA than the sclerotized parts (FA10b ranging from 0.032 to 0.076 in membranous compared with 0.005 to 0.034 in sclerotized traits). Third, significantly higher levels of FA were observed in Fw2 when analyzed separately with MxpTotal (P = 0.036; Table 3d ). Fourth, a notable FA difference was observed between sexes in Mxp5.5 (P = 0.003; Table 3e ; Fig. 2 ).
Discussion
Although somewhat controversial, the idea that increased heterozygosity is associated with reduced FA has found some support (Smith 1982; Leary et al. 1983 Leary et al. , 1985a Clarke et al. 1986; Vøllestad et al. 1999; Hosken et al. 2000) . We have assessed FA in a series of mouthpart and wing traits in a bee species for which nectar acquisition is of greater than average importance than it is even in most other bees. Xeromelissa rozeni has enormously elongate maxillary palpi, especially palpomeres 3 and 4, that form an elongate tube for obtaining nectar from the deep nectaries of their floral hosts. With samples of both sexes, we expected greater FA in three instances (i.e., hypotheses): (1) males than females, (2) membranous compared with the sclerotized parts that link adjacent sclerotized parts of the palpomeres, and (3) in the palpomeres and wing variables other than MxP3 and MxP4 because of the importance of the latter in tube formation for obtaining nectar.
Contrary to our first hypothesis, there was no significant difference in the magnitude of FA between haploid males and diploid females for any of our variables except Mxp5.5, which did have higher FA in males than females (Tables 3a-3f) . Although, overall this result was inconsistent with the hypothesis that females are under stronger selection for symmetry in nectar-acquiring structures than males due to their brood-provisioning activities, it is consistent with the idea of stronger selection against asymmetry in extreme traits (Soulé, and Couzin-Roudy 1982) and traits essential for survival (Crespi and Vanderkist 1997) .
As expected (hypothesis 2), we found that FA was significantly higher in membranous parts Mxp3.5, Mxp4.5, and Mxp5.5 compared with sclerotized Mxp3, Mxp4, Mxp5, and Mxp6. There are three possible explanations for this. First, perhaps the membranous parts are "vestigial", due to their lack of function in feedingtube formation (Michener 1995; Krenn et al. 2005) . If this is the case, the results are consistent with the findings of Crespi and Vanderkist (1997) , who observed higher levels of FA in vestigial wings of soldier thrips compared with fully functional wings of dispersers. Second, there could be reduced selection for symmetry in membranous regions because they might be used in a more plastic manner than the sclerotized regions. Third, the membranous regions might function to maintain broader scale symmetry in total maxillary palp lengths, lengthening on one side more than the other, to ensure closer approximation of the sclerotized parts throughout their lengths.
Our third hypothesis that MxP3 and MxP4 would have less FA than the other variables was only partially supported: they had less FA than other parts of the palpomeres, but had an equivalent amount to that found in the wing measurements. These results seem more due to the sclerotized palpomeres Mxp5 and Mxp6 having high levels of FA than low levels for MxP3 and MxP4. To explain this observation, we suggest that the apical two palpomeres might be nonfunctional in nectar uptake because they lack the specialized characteristics of Mxp3 and Mxp4, being cylindrical rather than transversely concave on their medial surfaces. Rather, we suspect that these parts may function more to help the apices of MxP4 to attain the nectar. This might be by assisting in gaining entry into the deeper portion of the nectaries, upward displacement of the nectar, or both.
Interestingly, MxP5 and successive palpomeres are "deciduous" in the congeneric species Xeromelissa wilmattae Cockerell, 1826 (Michener 1995) ; that is, these palpomeres are minute, tenuously attached and fall off, varying in number in different individuals and between sides within individuals (Michener 1995) . Detailed observations of the mechanism of nectar uptake by these species in vivo would be useful, though likely difficult to carry out in the rigorous conditions of the Atacama Desert.
Upon inspection of the wing data, it was observed that Fw2 had significantly higher FA than Fw1 and MxpTotal. This once again shows that there is strong selection against asymmetry acting upon the maxillary palpi. Interestingly, the results would have been reversed if only one of the apical or membranous segments of the maxillary palpi were compared with the forewing traits. This suggests that wing venation symmetry may be important for this aerodynamically unusual bee that lives in a very dry and very windy environment. Our results, thus, support the view that trait selection is very important in FA studies, as various combinations of traits can yield quiet different results. We suggest that a larger number of traits Table 3 . Results (unscaled fluctuating asymmetry) from ANOVA analyses of |log(R/L)| variation, where R is right side and L is left side, of all traits and both sexes in the Chilean bee Xeromelissa rozeni.
Source of variation df
Mean square P (a) All traits and both sexes included. be tested in detailed FA studies rather than the mean of 3.88 (SD = 1.53) traits tested in insect FA studies cited herein.
Gene duplication can be a way for haplodiploid organisms to avoid the issues associated with haploidy. The honeybee genome contains more duplicated gene sequences than other diploid insects, such as Diptera (The Honey Bee Genome Sequencing Consortium 2006; Simola et al. 2013) . In addition to the honeybee, Simola et al. (2013) also found a higher number of gene duplicates in ants, which are also haplodiploid. If this is also true for X. rozeni, it may help explain the lack of FA difference between males and females.
In conclusion, there seems to be no association between heterozygosity levels and the magnitude of FA in the maxillary palpi of X. rozeni. However, our results support the view that selection can be an important force in maintaining low levels of FA in essential traits. 
